Susceptibility to primary open-angle glaucoma (POAG) has recently associated with three intergenic singlenucleotide polymorphisms (SNPs) on human chromosome 2p16.3, just outside of the POAG-linkage locus GLC1H (2p15-16.2), in an Afro-Caribbean population. Especially, association of one SNP (rs12994401) was very strong (odds ratio 35) and later replicated in Afro-Americans but not in Ghanaians or Japanese. An extended region was examined in this study to look for SNPs of cross-population association. Methods: The three reported SNPs and all 63 SNPs considerably correlating with rs12994401 (r 2 ≥0.3) in the Africandescendent Yoruba were examined for POAG susceptibility association in a Korean population of 1,159 unrelated participants including 226 cases with glaucoma. As these 66 SNPs were spread from 2p14 to 2p21, all SNPs in this extended region were imputed for susceptibility association tests. Results: No susceptibility association was detected with rs12994401 in comparisons between 933 controls and 188 POAG (or 175 high-tension glaucoma) cases (statistical power of 100%), as well as with all 19 other typed SNPs, using logistic regression with adjustment for age and gender. The other 46 SNPs were deemed non-polymorphic in Koreans. Among 21,201 SNPs located in 2p14-21, only 4,260 were imputed to be non-monomorphic, but none of them passed a significance level of multiple testing. No association was observed when the samples were stratified by age or gender. Conclusions: No typed or imputed SNPs within 2p14-21 showed association with susceptibility to POAG, suggesting that the population inconsistency in 2p16.3 association was unlikely due to linkage disequilibrium differences.
remains normal in others (≤21 mmHg, normal-tension glaucoma) like unaffected individuals. Thus, glaucoma is fairly heterogeneous, and etiologies would differ from subtype to subtype, although the genetic and environmental factors contributing to the disease etiology and progression are not fully characterized yet.
Nevertheless, family history is another strong risk factor [3] , suggesting that genetic factors contribute quite substantially to glaucoma etiology. Several linkage analyses revealed 21 POAG susceptibility loci, including 14 assigned as GLC1A through GLC1N [4] and 7 unassigned yet [5, 6] . Several genes located within these loci have been identified to associate with POAG; for example, genes for myocilin (MYOC) in GLC1A [7] , optineurin (OPTN) in GLC1E [8] , and WD repeat-containing protein 36 (WDR36) in GLC1G [9] . The penetration of each gene to the disease is very low (1%-5%), however, and there are still more genetic factors to be disclosed.
The eighth POAG-linkage locus, GLC1H, was mapped on human chromosome 2p15-16.2 as linked to adult-onset POAG in Caucasian families [10] (Figure 1 ). Later a broader region (2p14-16.3) was linked to juvenile-onset POAG in Chinese families [11] and yet another broader region (2p15-21) to adult-onset POAG in Afro-Caribbean families [12] . With no genes within or around GLC1H identified for glaucoma association yet, three intergenic single-nucleotide polymorphisms (SNPs) located on chromosome 2p16.3, just outside of GLC1H, have recently associated with susceptibility to POAG in an Afro-Caribbean population of Barbados, West Indies [12] . However, the association was replicated with only one (rs12994401) of the three SNPs in an Afro-American population [13] , but with none of them in a Ghanaian [13] or a Japanese population [14] .
The Barbadian association was replicated with none of the three SNPs in a Korean population in this study with statistical powers reaching 100%. Among many other possible causes for inconsistent or contrasting association results in different populations, we then explored a possibility that the inconsistency arose from differences in the structure of linkage disequilibrium (LD) among the tested populations, despite of the very high odds ratio (OR=35) of POAG association with rs12994401 in the Barbadian population. We hypothesized that a real causative variation(s) should considerably correlate with rs12994401 in Barbadians, but with other SNPs or haplotypes in Koreans-these SNPs correlate with rs12994401 considerably in Barbadians but not necessarily in Koreans.
All SNPs correlating considerably with rs12994401 in an African-descendent Yoruba population were spread in a broad chromosomal region from 2p14 to 2p21, which in fact enclosed all three reported POAG-linkage regions around GLC1H (Figure 1 ). Many SNPs in 2p14-21 were either genotyped or imputed for all participants of this study for testing association with POAG susceptibility.
METHODS
Study subjects: All 1,159 participants were unrelated Koreans who were recruited from the Chungnam National University Hospital (Daejeon, Korea), and each and every participant provided written informed consent in this study that was approved by the Institutional Review Board of the hospital following the tenets of the Declaration of Helsinki. Each patient's diagnosis was confirmed and finalized by a glaucoma specialist (C.-S.K.), who reviewed all of the IOP measurements, morphology of the optic nerve head, retinal nerve fiber layer photography, gonioscopy, and automated visual field test results, at the glaucoma clinic of this tertiary referral hospital. Some subjects were clinically monitored for up to 12 months to exclude glaucoma suspects. Among 226 cases with glaucoma, 188 cases (83%) had POAG (including 175 high-tension and 13 normal-tension POAG), and only 38 cases (17%) had primary closed-angle glaucoma (including 30 acute and 8 chronic closed-angle glaucoma). All other types of glaucoma including congenital and secondary glaucoma were excluded from the case group. The 933 controls were free of any ocular and systemic diseases, and all had normal IOP levels (≤21 mmHg). Those who had glaucoma family history or steroid treatment were excluded from the control group. Genotyping: Genomic DNA were extracted from the whole blood samples of all subjects using the Gentra Puregene Blood Kit purchased from Qiagene Korea Ltd. (Seoul, Korea), and they were genotyped using the iPLEX Gold assay on the MassARRAY according to the manufacturer's instructions, as previously described [15] , with an approval from the Institutional Review Board of Korea Advanced Institute of Science and Technology. Amplification and extension primer oligonucleotides that were used in the multiplexing iPLEX Gold assay reactions were designed using the Susceptibility association tests: Genotypic association with susceptibility to POAG, high-tension POAG, or glaucoma was statistically tested for all 20 SNPs that were typed to be polymorphic, primarily according to a co-dominant genetic model using multivariate logistic regression analysis with adjustment for age and gender, unless specified otherwise. The significance level was α=0.05/20=0.0025 following the Bonferroni correction for multiple testing. All 4,260 SNPs that were imputed to be non-monomorphic were tested in the same way but with a significance level α=0.05/4260=1.2×10 −5 . For very rare SNPs where no minorallele homozygotes were present, the heterozygotes were compared only with the major-allele homozygotes with adjustment for age and gender instead of following a codominant genetic model. Association was considered marginal when α<p≤0.05. Hardy-Weinberg equilibrium was assessed for each typed or imputed SNP for the control subjects. All statistical tests were performed using the PASW Statistics v.18.0 (SPSS Inc., Somers, NY) or PLINK v.1.07 package.
RESULTS
Three intergenic SNPs (rs12994401, rs1533428, and rs10202118) on human chromosome 2p16.3 have recently associated with susceptibility to POAG in an Afro-Caribbean population of Barbados, West Indies [12] . The reported odds ratios were high (35, 6.7, and 2.0, respectively) enough to be reliably tested in this study using 226 unrelated Korean subjects with glaucoma and 933 ethnicity-matched control subjects (whose characteristics are shown in Table 1 ), as the statistical power reached 100%. All participants were genotyped for the three SNPs with call rates ranging from 94% to 99%, and all were under Hardy-Weinberg equilibrium.
The SNP association with glaucoma susceptibility was tested using multivariate logistic regression analysis with adjustment for age and gender, because these distributions were not matched between the case and control groups, whereas body mass index and systolic and diastolic pressures were matched ( Table 1 ). The case recruitment in this study was intentionally biased toward POAG (83.2% of all glaucoma cases) to match with the Barbadian cases in the original study (all POAG), and toward high-tension glaucoma (77.4% of all cases) to match the average IOP level (26.4 mmHg) with the Barbadian cases (26.7 mmHg). Accordingly, the association tests were performed primarily with respect to susceptibility to POAG and high-tension glaucoma ( Table 2) . program [16] . The MaCH program was run with 100 iterations of the Markov chain model in two steps (mach1 -d sample.dat -p sample.ped -s chr2.snps -h chr2.hap --compact --greedy --autoFlip -r 100 in the first step; and mach1 -d sample.dat -p sample.ped -s chr2.snps -h chr2.hap --compact --greedy --autoFlip --errorMap par_infer.erate --crossoverMap par_infer.rec --mle in the second step).
No significant difference was observed in the genotype distributions of all three SNPs between the POAG case and control groups according to a co-dominant genetic model (0.37≤p≤0.58). Additionally, the differences were not significant between the control group and the high-tension POAG subgroup (0.31≤p≤0.39). The subgroups of normaltension POAG and primary closed-angle glaucoma were too small to make reliable assessment. With statistical powers to detect the Barbadian effects reaching 100%, the three SNPs had no association with susceptibility to POAG or hightension POAG in this Korean population.
LD (D') or correlation (r 2 ) coefficients among the three SNPs were substantially different between this Korean population and the Barbadian population ( Figure 2) . LD between rs12994401 and rs1533428 was high in Barbadians (D'=0.72) [12] [12] and very low in Koreans (D'=0.016, r 2 =0.000). Furthermore, the correlations among the three SNPs were all low (r 2 ≤0.35) in Afro-Americans and Ghanaians [13] . Accordingly, the LD structure around these SNPs appeared much different from population to population. , and p-values were calculated in comparisons of glaucoma or subtype cases with controls using logistic regression with adjustment for age and gender. ‡Statistical power was calculated for the reported odds ratios [12] using the CaTS method [18] , which is applicable only to groups of 100 samples or more.
If a genetic marker correlates highly with a real causative genetic variation in a population but poorly in another population, association tests of the marker would yield inconsistent or contrasting results between the two populations. We therefore aimed to test all the SNPs that correlate considerably with the POAG-associating SNPs in the Barbadian population but not necessarily in the Korean population. Because rs12994401 had a much larger effect than the other two SNPs (OR 35 versus 6.7 and 2.0) in the original study [12] , SNPs correlating considerably with rs12994401 rather than with the other two were examined in this study.
We found that rs12994401 correlated with 63 SNPs at r All participants were then genotyped for the remaining 21 SNPs in this study. Four of them had very rare minor alleles (minor allele frequency ≤0.0013). Among the remaining 17 SNPs (Table 3) , none showed significant association with susceptibility to POAG (p≥0.053) in a co-dominant genetic model, although a SNP (rs11681755) showed marginal association (p=0.044) with susceptibility to glaucoma (not POAG). Accordingly, none of the 20 typed polymorphic SNPs listed in Table 2 and Table 3 achieved a significance level of multiple testing (α=0.05/20=0.0025) for association with susceptibility to POAG.
To look for association with other SNPs, imputation was performed using the International HapMap Project phase-2 haplotype data for the CHB and JPT populations as templates. Using the genotyping results for all 24 typed SNPs including the four very rare SNPs, the genotypes of 21,201 SNPs located in a 25-megabase region from chromosome 2p14 (chromosome position 68,145,622) to 2p21 (position 43,146,705) were imputed for all participants. Among them, only 4,260 SNPs were imputed to be non-monomorphic (with a minor allele frequency >0) and under Hardy-Weinberg equilibrium (p>0.001).
All 4,260 imputed SNPs were then statistically tested for association with POAG susceptibility (Figure 1) . None of them achieved a significance level of multiple testing for association (α=0.05/4,260=1.2 ×10 −5 ), although quite many of them could be considered for marginal association. For example, considerably low, but not significant, p values were estimated for four imputed SNPs, rs17039353, rs1875806, rs1317435, and rs6545135 in the order of increasing p values (Table 4) , located near the originally reported SNPs in the 2p16.3 locus (Figure 1) . Nevertheless, none of the HapMap SNPs located in the extended 2p14-21 chromosomal region appeared to associate with POAG susceptibility.
Then, our study samples were stratified according to their ages and genders to examine their effects. The POAG case and control groups were each divided into two subgroups; those who were older than the median age (62.5 years) of the 188 POAG cases and those who were younger. Additionally they were each divided into three subgroups according to the tertile ages of the POAG cases. In any subgroup comparisons, no SNP showed association with POAG susceptibility in logistic regression analyses with adjustment for gender (data not shown). Furthermore, we examined the gender effects by stratifying our POAG case and control samples by gender. However, no SNP showed POAG association in genderstratified logistic regression with adjustment for age (data not shown). Accordingly, no SNP association with POAG susceptibility was observed in Koreans regardless of age and gender.
DISCUSSION
We report here that none of the 21,267 SNPs located within a human chromosome region from 2p14 to 2p21 associate with susceptibility to POAG in Koreans. These SNPs were examined in this study, because they could potentially correlate considerably with rs12994401 on 2p16.3, which had very strongly associated with POAG susceptibility in AfroCaribbean residents of Barbados [12] . This case-control association study using 1,159 unrelated participants had a sufficient statistical power (100%) to detect the Barbadian association. Accordingly, not only the 2p16.3 association was absent in Koreans, but also no SNP markers representing it could be found from an extended chromosomal region 2p14-21.
The contrasting results from the Barbadian and Korean studies were unlikely attributed to the difference in LD structure, which was nevertheless substantial between the two populations as partly described in a preceding section with respect to LD among the three reported SNPs (Figure 2 ). An explanation could have been that a variation(s) commonly causative in the two populations correlate with rs12994401 in Barbadians considerably enough to show indirect association but not in Koreans. With that possibility in mind, we examined all the HapMap SNPs located within chromosome 2p14-21, a much wider region than 2p16.3, except those that had been demonstrated to correlate poorly with rs12994401 (r an African-descent Yoruba population or to be little polymorphic in a Korean, Chinese or Japanese population.
Although we should not completely rule out a possibility that the 2p16.3 association could be demonstrated by yet another variation, because we did not examine the variations that were not typed in the International HapMap Project and those, if any, that could correlate with rs12994401 poorly in Yorubas but highly in Barbadians, the lack of 2p16.3 association in Ghanaians [13] , Japanese [14] , and Koreans could arise less likely from LD difference than other possible causes such as sampling biases in the studies.
The age distribution differed substantially between the Korean and Barbadian study subjects. The Barbadian cases were 10.1 years older than the Korean cases on the average (71.0 versus 60.9 years), whereas the Barbadian controls were only slightly older than the Korean controls (61.2 versus 57.6 years). We examined the age effects by stratifying our study samples according to their ages. The POAG case and control groups were each divided into two or three subgroups according to the median or tertile ages of the POAG cases, respectively. In any subgroup comparisons, no SNP showed association with POAG susceptibility in logistic regression analyses with adjustment for gender, suggesting that the age difference rarely caused the contrasting results.
The average IOP levels were comparable between the Barbadian (26.7 mmHg) and Korean (26.4 mmHg) cases, because we primarily recruited high-tension POAG for the cases of this study (77.4% of all cases) unlike the previous Japanese study [14] , despite that the prevalence of hightension POAG (0.8%) is much lower than that of normaltension POAG (2.7%) in the general population of Koreans [17] . Although gender ratio was not known for the Barbadian samples, we examined the gender effects by stratifying our POAG case and control samples by gender. However, no SNP showed POAG association in gender-stratified logistic regression with adjustment for age. Accordingly, IOP levels and gender may not be the factors attributing to the contrasting results. If the differences in LD structure, IOP level, age distribution, and gender ratio did not cause the contrasting results between the tested populations, POAG susceptibility localized to the haplotype marked by rs12994401 may be unique to Barbadians and absent in the other tested populations including Koreans, Japanese, and Ghanaians lacking the association, and even in the Afro-American population, where rs12994401 showed only moderate association and the risk-associated allele (C allele) was different from the Barbadian population (T allele).
Alternatively, this haplotype may interact with another genetic, epigenetic or environmental variation that differs between the Barbadian and the other populations, in affecting the susceptibility. Because this chromosomal region has been linked to POAG susceptibility in Caucasian (2p15-16.2) and Chinese (2p14-16.3) families, POAG-associating variations perhaps need to be looked for in Caucasian and Chinese populations.
In this study of Koreans with sufficient power, susceptibility to POAG or high-tension glaucoma did not associate with rs12994401 on 2p16.3 that had shown a very strong association in an Afro-Caribbean population. Many other SNPs within an extended chromosomal region (2p14-21) potentially correlating considerably with rs12994401 were genotyped or imputed, but none of them showed association, quite confidently rejecting the 2p16.3 association with POAG susceptibility in Koreans. *Major allele of each single-nucleotide polymorphism (SNP) is referred to as A and minor allele as B. Chromosome positions of SNPs are based on the NCBI genome build 37.1. †Because minor allele frequency (MAF) was low and the minor-allele homozygotes (BB) were absent in these four imputed SNPs, odds ratio (OR), 95% confidence interval (CI), and p-values were calculated for the heterozygotes (AB) versus the major-allele homozygotes (AA) using logistic regression with adjustment for age and gender.
